We report on the interface between graphene and 4H-SiC͑0001͒ as investigated by scanning tunneling microscopy ͑STM͒ and low energy electron diffraction ͑LEED͒. It is characterized by the so-called ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction, whose structural properties are still controversially discussed but at the same time are crucial for the controlled growth of homogeneous high-quality large-terrace graphene surfaces. We discuss the role of three observed phases with periodicities ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°, ͑6 ϫ 6͒, and ͑5 ϫ 5͒. Their LEED intensity levels and spectra strongly depend on the surface preparation procedure applied. The graphitization process imprints distinct features in the STM images as well as in the LEED spectra. The latter have the potential for an easy and practicable determination of the number of graphene layers by means of LEED.
I. INTRODUCTION
When van Bommel et al. investigated the graphitization of SiC͑0001͒ for the first time in 1975, 1 it was not conceivable that 30 years later this experimental procedure would give access to purely two-dimensional crystals with their astonishing physical properties. At present, the physics of one or several graphene layers attracts tremendous interest. One single graphite layer is called graphene due to the sp 2 -bonding configuration of the carbon atoms that are distributed in a hexagonal lattice. The notion of graphene is used for single layer graphene, bilayer graphene, and fewlayer graphene ͑up to about ten layers͒ that all can be seen as different types of two-dimensional crystals. 2 A number of graphene layers larger than about 10 results in bulk graphite. In addition to its own interesting electronic structure, graphene represents the building block of carbon nanotubes or fullerenes. Graphene has been presumed to be thermodynamically unstable as a freestanding layer 3, 4 until Novoselov et al. obtained graphene by micromechanical cleavage of graphite in 2004. 5 The electronic band structure of graphene shows a linear dispersion at the Fermi energy at the K point of the surface Brillouin zone instead of a parabolic relation. [6] [7] [8] [9] The electron transport is governed by Dirac's ͑relativistic͒ equation rather than the Schrödinger equation. 2, 5, [10] [11] [12] [13] Graphene has unconventional twodimensional electron gas properties and shows quantum confinement. 2, 5, 10, 14 Several new varieties of the quantum Hall effect have been demonstrated. 11 Graphene-based nanoelectronics as well as the analysis of ͑relativistic͒ quantum mechanical effects are the prospects of this new physical system. 2, 5, [10] [11] [12] [13] Despite the success of the micromechanical cleaving technique, the most promising approach to obtain graphene for practical electronic applications seems to be the above mentioned controlled graphitization of SiC surfaces. After its first realization, this procedure has been investigated intensively, yet mainly under the aspect of full graphitization of the surfaces. 1, [15] [16] [17] [18] [19] [20] [21] [22] Only recently, a graphene-like electronic structure was found for the initial stages developing during this procedure. 23, 24 The first stage of graphitization is the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction whose nature has been discussed controversially. 1, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Originally, it was interpreted as a surface-graphene layer. 23 However, it now seems clear that the specific properties of graphene develop only with the first layer of graphene on top of this ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°s tructure [7] [8] [9] 25 with the interface remaining unperturbed during growth. Yet, it is still unclear under which preparation conditions homogeneous large-area graphene layers can be obtained and at what stage of the high-temperature treatment single layer or bilayers develop. The scenario may even depend on the SiC polytype. In addition, the atomic structure of the interface and of the graphene layer are unknown. This latter fact should not come as a surprise since the ͑1 ϫ 1͒ unit vectors of SiC͑0001͒ are 3.08 Å and the unit vectors of graphene are 2.46 Å long. A ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°cell has then a 32 Å side length and contains 108 Si and 108 C atoms per SiC bilayer or 338 atoms in a graphene layer.
In this work, we are concluding from low energy electron diffraction ͑LEED͒ as well as scanning tunneling microscopy ͑STM͒ experiments that the so-called ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°re-construction comprises three periodicities that can be observed in different ways: ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°, ͑6 ϫ 6͒, and ͑5 ϫ 5͒. The kind of preparation procedure influences the structural properties of the graphene-4H-SiC͑0001͒ interface. The growth of graphene layers results in distinct features in the STM images as well as in the LEED patterns. Fingerprints in the LEED intensity spectra for the graphitization process have the prospect of an easy and practicable determination of the number of graphene layers.
II. EXPERIMENT
Before loading into the ultrahigh vacuum ͑UHV͒ chamber, the Si-terminated n-type 4H-SiC͑0001͒ samples were thermally etched using ultrapure hydrogen in order to remove polishing damage. By applying this treatment, it is possible to obtain a regular array of atomically flat terraces as well as to chemically passivate the surface. 26 Three different procedures were used for the in situ graphitization in the UHV chamber.
͑A͒ After annealing the sample at 800°C in a Si flux ͑Ϸ1 ML/ min͒, the Si-rich ͑3 ϫ 3͒ reconstruction 27 develops. Without further Si addition, this structure is used as the starting point for the preparation of graphene layers on SiC͑0001͒. 18, 21 The C-rich ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction can then be obtained by heating directly up to 1250°C. Alternatively, a further annealing step at 1000°C can be added, leading to the ͑ ͱ 3 ϫ ͱ 3͒R30°structure which is still covered by Si adatoms. 28 Between 1100 and 1200°C, the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction begins to develop but coexists with the ͑ ͱ 3 ϫ ͱ 3͒R30°structure. The pure ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction is accomplished between 1200 and 1300°C. Further annealing above 1300-1350°C leads to the growth of graphene layers on top of this structure whereby the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°periodicity is retained. Heating was conducted by electron bombardment with each annealing step taking about 15 min. An electron beam evaporator was used for Si evaporation and the temperatures were determined by a pyrometer.
͑B͒ After initially annealing the sample at 950°C in a flux of Si ͑Ϸ1 ML/ min͒, the ͑ ͱ 3 ϫ ͱ 3͒R30°structure develops. By further heating of this surface without further Si addition, the desired level of graphitization could be realized.
͑C͒ Annealing of the ex situ prepared silicate ͑ ͱ 3 ϫ ͱ 3͒R30°reconstruction that develops during the hydrogen etching procedure 29 immediately leads to the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°phase.
The results of the different graphitization steps were analyzed using a four grid back view LEED optics and a Besocke-type scanning tunneling microscope. The surface morphology was determined by atomic force microscopy ͑AFM͒ under ambient conditions after removing the sample from the UHV chamber.
III. "6 ͱ 3 Ã 6 ͱ 3…R30°PHASE AS A PRECURSOR OF GRAPHITIZATION Figure 1 displays LEED patterns of the coexisting ͑ ͱ 3 ϫ ͱ 3͒R30°and ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstructions of 4H-SiC͑0001͒ corresponding to the above described preparation procedures A, B, and C and after the sample had been annealed at around 1200°C. All three patterns are usually interpreted as having a ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°periodicity. Yet, a detailed inspection of the spots in the vicinity of the 1 3 diffraction order as displayed in the enlarged sections on the right of the three LEED patterns ͑shown both in normal and reverse contrast for clarity͒ reveals a more complex scenario. The spot indicated by the arrow in the reverse contrast image is at the ͑ ͒ position in the center of the triangle is part of a ͑6 ϫ 6͒ grid on the SiC͑0001͒ surface, it is clear that the spots on the green ͑light gray͒ triangle are shifted with respect to the ͑6 ϫ 6͒ grid and belong to a true ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°grid. It has to be emphasized that this ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction indeed has its designated periodicity. It is not of ͑6 ϫ 6͒ periodicity which could be assumed from the ͑6 ϫ 6͒ corrugations that can be observed in STM ͑see below͒. The fact that not all diffraction spots on the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°grid are visible can be attributed to kinematic suppression. However, in addition, diffraction spots can be observed that are not precisely positioned on the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°grid, namely, the spots indicated by the triangles marked in red ͑dark gray͒ in the case of preparation procedures B and C. These spots have a larger distance than the spots on the green ͑light gray͒ triangle and thus cannot belong to the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°grid. They rather have to be attributed to a ͑5 ϫ 5͒ grid as was confirmed from LEED data at different energies. Due to small distortions of the LEED screen or deviations of the sample from the centric position, both triangles ͓red ͑dark gray͒ and green ͑light gray͔͒ are not precisely equilateral. Of course, spots at different diffraction 48eV 5x5-grid 6x6-distances on (6 x6 )R30°-grid 3 3
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(1/3,1/3) of ( 3 3 x )R30°-structure for three different preparation procedures labeled A, B, and C ͑see text for details͒, after annealing at a temperature of about 1200°C. Using procedure A, the Si-rich ͑3 ϫ 3͒ structure is annealed, using procedure B, the ͑ ͱ 3 ϫ ͱ 3͒R30°structure is heated up, and during procedure C, the preparation is conducted by annealing an ex situ sample. Spots on a ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°grid as well as on a ͑5 ϫ 5͒ grid can be observed exhibiting different relative intensities.
orders on the ͑5 ϫ 5͒ grid have different intensities, due to multiple scattering. The absolute intensities of the spots on the ͑5 ϫ 5͒ grid are different for the different preparation procedures, and for preparation procedure A, they even seem too faint to deduce the existence of ͑5 ϫ 5͒ domains at the surface. However, the relative spot intensities on the red triangle are equal, indicating the origin from the same kind of surface structure within the ͑5 ϫ 5͒ domains. With respect to the preparation of graphene surfaces, it can be concluded that details of the preparation procedure applied during the development of the intermediate ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°phase can strongly influence their quality as well as the atomic arrangement at the surface. This can be verified by inspection of the LEED spot intensities: a different arrangement of the atoms at the surface results in different multiple scattering pathways in LEED and therefore affects the intensities of the SiC-substrate spots as a function of the energy, i.e., yields different I͑E͒ spectra. Indeed, Fig. 2 exhibits that the three applied preparation procedures lead to characteristic differences in the I͑E͒ spectra of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruc-tion in the state after annealing at about 1200°C where the
͒ spots from the ͑ ͱ 3 ϫ ͱ 3͒R30°structure are still visible.
The differences are most prominent in the energy range 320-370 eV. While the absolute intensity level is less important, the energy positions of the peaks and minima play the crucial role. 30 Starting the preparation of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction from the ͑3 ϫ 3͒ phase ͑proce-dure A͒ results in a single peak at 342 eV in the SiCsubstrate spot intensity, whereas a double peak structure appears at 328 and 347 eV when using the ͑ ͱ 3 ϫ ͱ 3͒R30°r econstruction as the starting point ͑procedure B͒. Annealing of the ex situ silicate ͑ ͱ 3 ϫ ͱ 3͒R30°phase leads to two well resolved peaks at 326 and 352 eV. A quite similar behavior was observed previously for the preparation of the ͑ ͱ 3 ϫ ͱ 3͒R30°reconstruction using 4H-and 6H-SiC͑0001͒. 28, 31 In that case, it was concluded from a quantitative LEED structure analysis that annealing of the ex situ sample does not change the number of equally oriented bilayers at the surface, i.e., two for 4H-SiC͑0001͒ ͑"S2 termination"͒ and three for 6H-SiC͑0001͒ ͑"S3 termination"͒. Astonishingly, however, the S3 termination develops for both 4H-and 6H-SiC͑0001͒ after annealing of the ͑3 ϫ 3͒ reconstruction, which actually implies that the bulk stacking sequence is broken in the case of 4H-SiC͑0001͒. But why should this be important for the growth of graphene layers on top of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction? First, it is clear that three SiC bilayers are necessary to grow one graphene layer from a simple count of the carbon atoms. Hence, the S3 termination should provide a better precondition for a homogeneous graphene development than the S2 termination, so that starting the preparation from the ͑3 ϫ 3͒ phase promises to be the best preparation procedure at least for 4H-SiC͑0001͒. Second, the I͑E͒ spectra observed for the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°p hase ͑shown in Fig. 2͒ are indeed very similar to the spectra obtained from a ͑ ͱ 3 ϫ ͱ 3͒R30°phase. 31 Even after full graphitization at TϷ1500°C, the spectrum is hardly changed ͑Fig. 2͒. The intensity, however, is strongly reduced, indicating that the signal is attenuated by layers above or that the signal comes only from a small fraction of the surface. It is rather astonishing that the graphitization process does not influence the position of the maxima and minima in the I͑E͒ spectra. At least one might expect significant changes in the energy range between 320 and 360 eV as the S3-terminated SiC bilayers should have been used up completely during graphitization and should leave behind S2-terminated SiC bilayers beneath the graphene layers provided the stacking rearrangement is not repeated during the graphitization process. In this respect, the need for a structure determination, e.g., by means of quantitative LEED, is quite obvious.
The role of the ͑5 ϫ 5͒ periodicity in the different preparation procedures can be elucidated using STM. Figure 3͑a͒ shows a filled state STM image of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°re-construction exhibiting two different periodicities, a ͑6 ϫ 6͒ honeycomb structure on the left side and a ͑5 ϫ 5͒ structure on the right side of the panel. The ͑5 ϫ 5͒ structure is characterized by clusters with a varying number of atoms. We observe this structure for all three preparation procedures independent of the annealing temperature of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction. The number and fraction of ͑5 ϫ 5͒ domains, however, are larger for the ex situ prepared sample ͑procedure C͒, in full agreement with the stronger intensity level of the ͑5 ϫ 5͒ LEED spots. In our STM measurements, this ͑5 ϫ 5͒ structure can be seen only rather rarely. Furthermore, the surface quality of the annealed ex situ sample is not good enough to obtain a large number of STM images producing good statistics. A ͑5 ϫ 5͒ reconstruction found in LEED and STM was also previously reported in the framework of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°phase. 15 In that case, an ex situ sample was annealed without simultaneous Si deposition. The fact that there have been no further reports on a ͑5 ϫ 5͒ reconstruction recently might be due to the circumstance that, during the last years, it has become quite ͒ spots from the ͑ ͱ 3 ϫ ͱ 3͒R30°structure are still visible. During preparation procedure A, the Si-rich ͑3 ϫ 3͒ structure is annealed, during preparation procedure B, the ͑ ͱ 3 ϫ ͱ 3͒R30°reconstruction is heated up, and during procedure C, the preparation is conducted by annealing an ex situ sample. In addition, the ͑10͒ spectrum is shown after full graphitization at 1500°C ͑dashed curve͒.
common to use Si deposition in the preparation procedure. Nevertheless, some ͑5 ϫ 5͒ patches are present also when starting the preparation from the Si-rich ͑3 ϫ 3͒ phase. Figure 3͑b͒ shows the filled states of the apparent ͑6 ϫ 6͒ periodicity in more detail. The image demonstrates the complexity of the reconstruction. Different apparent features can be seen that lack an obvious long-range order. Inside the honeycomb rings, a different number of atoms with a different arrangement of the atoms is observed. The atomic and electronic structure of this reconstruction is not well understood up to now. The structural appearance of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°phase strongly depends on the tunneling voltage. The ͑6 ϫ 6͒ periodicity is mainly pronounced at high tunneling bias, whereas at low bias it is difficult to observe a clear long-range periodicity. Using such small tunneling voltages, however, one can possibly resolve the true ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°structure as shown in Fig. 4 . Panel ͑a͒ shows a STM image at 1.7 V bias still exhibiting corrugations with ͑6 ϫ 6͒ periodicity. Further reduction of the tunneling voltage down to 0.2 V reveals two types of rings with slightly different sizes, thus forming a unit cell larger than that of the ͑6 ϫ 6͒ periodicity ͓panel ͑b͔͒, namely, a unit cell of ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°periodicity. Three atomic bumps within the rings are only present in the larger rings. Each bump is part of a diamond of four atoms ͓marked in red ͑dark gray͒ in panel ͑b͔͒ which -in the same orientation -is repeated only with the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°periodicity. This is elucidated in panels ͑b͒ and ͑c͒ of Fig. 4 by a sketch of the rings with their different sizes and the three additional atoms ͑or atomic clusters͒. The lower part of panel ͑b͒ displays the same surface area as the upper part. The unit cells of the ͑6 ϫ 6͒ and the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°periodicity are indicated in panel ͑c͒. With this real space arrangement, the periodicity of the LEED patterns can be explained, which is not possible assuming a ͑6 ϫ 6͒ structure only.
However, this very complex structure is only partially resolved up to now. In the literature, several models exist that do not consider the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°structure as an inherent surface reconstruction of SiC͑0001͒. Mårtensson et al. proposed the coexistence of a ͑6 ϫ 6͒ and an incommensurate ͑ ͱ 2.1ϫ ͱ 2.1͒R30°phase, 15 which is not in agreement with the interpretation of our LEED and STM results. It has often been argued that the LEED diffraction image shows a moiré pattern of graphite and the SiC substrate ͓͑1 ϫ 1͒ ͑Refs. 1 and 23͒ or ͑ ͱ 3 ϫ ͱ 3͒R30°͑Ref. 19͔͒. However, such an interpretation is in inconsistency with both band structure measurements using angular resolved photoelectron spectroscopy ͑ARPES͒ 7-9 and the STM image displayed in Fig. 4 . Furthermore, STM images show that graphene is growing on top of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction ͑see Fig. 7 below͒.
The specific properties of graphene develop only with the first layer of graphite on top of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°s tructure, [7] [8] [9] 25 while the latter remains unperturbed during the growth of the graphene layers. A recently proposed model by Chen et al. suggests a self-organization of surface carbon atoms in a "carbon nanomesh" with ͑6 ϫ 6͒ periodicity. 22 This model is also in contradiction to the band structure measurements. Furthermore, it is claimed that the STM images look the same for different tunneling voltages. Our STM images clearly show different atomic orbitals of the structure for different bias voltages, which is in accordance with earlier observations. 15 In order to underline the importance of an understanding of the graphene-SiC͑0001͒ interface for the controlled growth of large-terrace graphene surfaces, we show in Fig. 5 an AFM image of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction before the graphitization process ͓panel ͑a͔͒ and a large-area STM image after graphitization ͓panel ͑b͔͒. The typical length scale of the surface morphology appears to be determined already in the state of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°recon-struction. Terrace sizes up to several hundred nm 2 can be obtained but it would be desirable to let graphene grow in even larger regions. The AFM and STM images show a lot of small terraces where the growth conditions seem to be different so that, for instance, a different number of graphene layers may develop or linear defects of the graphene layer are present as a consequence of substrate steps. So far, no preparation procedure exists that produces substantially larger homogeneous graphene surfaces ͑compare STM image in Ref. 24 and AFM images in Refs. 7 and 32͒. It should be noted that after the initial hydrogen etch process, the surface exhibits regular terraces with straight step edges of typically micrometer distance.
IV. GRAPHITIZATION PROCESS
In this section, we analyze the graphitization process of SiC͑0001͒ by means of LEED and STM starting with the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction prepared by annealing of the ͑3 ϫ 3͒ structure ͑procedure A in the previous sections͒. Figure 6 shows STM measurements after graphitization using a bias where the apparent ͑6 ϫ 6͒ corrugation can be observed best. Clearly, the development of homogeneous graphene layers on top of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°structure seems to be prevented. As illustrated in the STM image in panel ͑a͒, different terraces display a different corrugation of the ͑6 ϫ 6͒ honeycomb lattice. This can be seen more clearly in the quantitative line scan in panel ͑b͒. For reference, note that the vertical spacing of bulk SiC bilayers amounts to 2.52 Å and that the layer spacing in ͑bulk͒ graphite is 3.35 Å. At the point labeled B, one substrate bilayer step can be observed. Regions ͓AC͔ and ͓EF͔ have the same large corrugation, whereas the height of the corrugation of region ͓CD͔ amounts to half of the former value. Along section ͓DE͔, the corrugation is even further reduced to about one- fourth of the ͓AC͔ value. These effects can be interpreted to be caused by a different number of graphene layers on top of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°surface reconstruction and it appears that electronic effects completely cover topographical effects in the STM height measurements. Regions ͓BC͔ and ͓EF͔ clearly resemble similar surface structures at the same height level as can be drawn from comparing the step heights in a line profile taken slightly to the right ͑not shown͒. Their residual intensity difference should be attributed to a slight tilt in the line scan. In Fig. 7 , we show that graphene layers not only can be seen indirectly by means of a contrast change but can also directly be identified. The annealing temperature in that case was around 1300°C. For two different tip conditions, we compare the images of the same surface area that contrast differently on the corresponding terraces. The first tip condition allows for atomic resolution of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction, whereas the second one seems to allow only for a reduced quality at a first glance. However, scaling down the scanning area leads to atomic resolution of graphene on top of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°surface reconstruc-
tion. Yet, this is only the case for the region with the reduced contrast. The unit-cell size of about 2.5 Å corresponds to that of graphite. Yet, since we observe only one of the two carbon atoms comprising the graphene unit cell, we identify this surface region as ͑at least͒ bilayer graphene. The Bernal stacking of two graphene sheets leads to the observation of such a diamond-shaped lattice. 33 The crucial point that should be emphasized is that the visibility of the graphene layers strongly depends on the actual tip condition, thus complicating the determination of the number of graphene layers by means of STM. In the upper part of Fig. 7 , the higher contrast in the STM image represents a lower coverage with graphene, possibly no graphene layer at all. However, it cannot be ruled out that a single graphene layer might possibly be identified using a different bias voltage.
Up to now, it is not clear how a certain number of graphene layers can be grown on top of SiC͑0001͒ in a definite and controlled way. Present experimental statements about the number of graphene layers in a large area ͑e.g., on a 100 m scale͒ are carried out by ARPES, [7] [8] [9] Auger electron spectroscopy ͑AES͒, 23, 24, 32 x-ray photoelectron spectroscopy ͑XPS͒, or LEED. The diameter of the probing beam of these methods is much larger than the terrace size with a definite number of graphene layers so that always an average value is obtained. The reliability of using the Si/ C intensity ratio in AES or XPS also suffers from the inaccurate knowledge of the inelastic attenuation of the electrons probing the surface. Raman spectroscopy offers a much smaller beam diameter than the other techniques mentioned. Also, it has already been used successfully to identify graphene layers obtained by micromechanical cleavage. 34 Yet, it would be desirable to find an easy and exact way for the determination of the number of graphene layers that can be used in the home laboratory and, in particular, continuously during the preparation procedure. We show that LEED intensity spectra, which can be obtained in the same UHV chamber, have the potential to be used as fingerprints and so offer a solution to this problem. During graphitization, the LEED pattern continuously undergoes variations visible by eye ͓see Fig. 8 ; the inset above the I͑E͒ spectra indicates the spots being discussed in this context͔: in the first stage, the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction coexists with the ͑ ͱ 3 ϫ ͱ 3͒R30°p hase as noted before ͑scenario at 1210°C͒. Higher temperatures ͑approximately 1280°C͒ lead to the disappearance of the spots related to the ͑ ͱ 3 ϫ ͱ 3͒R30°structure, i.e., the diffraction spots at the ͑ 1 3 , 1 3 ͒ position and at the ͑ ͒ spot position with a 1 / ͑6 ͱ 3͒ distance ͓green ͑light gray͒ dot in the inset of Fig. 8͔ . It has to be pointed out that this LEED spot already belongs to the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°re-construction and can be observed when not yet any graphene layers have grown. We have analyzed the energy dependent intensity of all clearly visible LEED spots of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°pattern dependent on the annealing temperature.
Despite the different scattering properties for a different stage of graphitization, the LEED spectra do not show any significant changes for all diffraction spots except for the mentioned one which is characteristic for the lattice parameter of bulk graphite. The corresponding spectra are shown in Fig. 8 . Significant changes in the peak shape and peak position can be seen and are highlighted. According to the STM image in Fig. 7 and according to ARPES measurements, 9 the first graphene layers develop at around 1300°C. Bulk-like graphite, i.e., around ten graphene layers or more, is obtained for temperatures increasing 1450°C. Thus, the observed changes in the LEED intensities cover the entire graphene growth regime from a monolayer to bulk-like films and have the potential to be used to identify the graphene thickness. The upcoming task is to exactly correlate the LEED spectra characteristics with a certain number of graphene layers. This will be achieved by acquiring the LEED fingerprints in an in situ combined experiment with the band structure from ARPES, where the identification of the number of layers seems possible. 9 In parallel, we attempt a direct structural correlation by a quantitative LEED analysis, which may not resolve the complete surface structure but might give partial insight into the structural development of the surface before and during the graphitization process, in particular, the graphene thickness, and thus help define more precise preparation conditions.
V. CONCLUSION
STM and LEED were used to investigate the structural properties of the graphene-4H-SiC͑0001͒ interface for several preparation procedures and for different stages of graphitization. The precursor phase of graphitizationwhich not yet exhibits the typical properties of grapheneis the so-called ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction. Besides the latter, the LEED pattern also shows a ͑5 ϫ 5͒ periodicity that can be observed in STM, too. The detailed nature of the preparation procedure applied significantly influences the intensity level of the ͑5 ϫ 5͒ spots and the energy dependence of the SiC-substrate spots. Scanning tunneling microscopy often shows a ͑6 ϫ 6͒ corrugation, but using small tunneling voltages, the true ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°structure can be revealed ͑at least partially͒. Graphene layers on top of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction lead to a decreased contrast in the STM images. Under certain tip conditions, the graphene unit cell can directly be observed. The graphitization process results in significant changes in the LEED intensity spectra. As a consequence, these intensities may be used as fingerprints, providing an alternative method for the determination of the number of graphene layers ͑besides the approach of band structure measurements by ARPES at a synchrotron͒. At present, the extent to which the growth of large-terrace graphene surfaces can be controlled and realized is unknown. Further analysis of the structural properties of the grapheneSiC͑0001͒ interface such as the application of quantitative LEED might lead to preparation procedures that make this material even more attractive for physical and industrial applications. FIG. 8. ͑Color online͒ LEED intensity spectra dependent on the annealing temperature of the LEED spot marked in green ͑light gray͒ in the inset. The spectra may be used as fingerprints for an easy and practicable determination of the number of graphene layers on top of the ͑6 ͱ 3 ϫ 6 ͱ 3͒R30°reconstruction.
